Osteosarcoma (OS), the most common bone tumour, mainly occurs during childhood and adolescence, and is characterised by high proliferation activity and bone turnover. It is a highly invasive and metastatic rare tumour, which can frequently develop chemoresistance. Clinical outcome of localised high-grade OS has significantly improved with the introduction of neoadjuvant chemotherapy, which is based on a combination of four different drugs: doxorubicin, methotrexate, cisplatin, and ifosfamide ([@bib8]; [@bib19]). Despite this, ∼35--40% of patients poorly respond to the chemotherapeutic treatment and relapse ([@bib8]; [@bib19]). Thus, novel effective treatment regimens are urgently needed to further improve the clinical outcome of OS.

The process of mitosis has been largely exploited for treatment of cancer, and antimitotic agents form an important group of chemotherapeutics for both adult and childhood malignancies. In the past few years the number of cell cycle-interacting drugs has significantly increased, thanks to the development of several new agents, which successfully went through the preclinical and clinical validation ([@bib10]; [@bib23]). However, before suggesting the clinical use of these anticancer drugs, it is absolutely necessary verifying whether their targets are present and biologically relevant for each specific tumour.

The Aurora kinase family members (which include Aurora kinase-A, -B, and -C) have been described as key regulators of mitosis and cell cycle, and, because of this, several drugs have been developed for inhibiting their functions ([@bib1]; [@bib10]; [@bib27]; [@bib23]). All of them are serine/threonine protein kinases that share a high degree of sequence homology in their catalytic domains but have different subcellular distributions and functions ([@bib12]; [@bib13]; [@bib23]). Aurora kinase-A (AURK-A) localises to the centrosomes during DNA duplication in the S phase and migrates to spindle poles during mitosis. Such distribution is consistent with its primary roles in centrosome regulation and mitotic spindle formation ([@bib12]; [@bib13]; [@bib23]). Aurora kinase-B (AURK-B) undergoes dynamic distribution during mitosis, by localising first to the inner centromeres during prophase and metaphase and then to the spindle midzone during anaphase and through cytokinesis. Aurora kinase-B migrates as part of the chromosomal passenger complex, whose function is to ensure accurate chromosome segregation and cell body division ([@bib12]; [@bib13]; [@bib23]). Aurora kinase-C (AURK-C) does not seem to have a role in mitosis in the majority of normal cells. Its expression is essentially restricted to testes, with a specific role in the regulation of chromosome segregation during spermatogenesis ([@bib23]).

The Aurora kinases have also been indicated to act as oncogenic drivers, as their abnormal expression or activation could result in aberrant mitosis leading to the development of different cancers ([@bib13]; [@bib27]; [@bib23]; [@bib7]). Among them, AURK-A has been the most consistently indicated factor involved in the tumorigenesis of several human cancers, being highly expressed in breast, colon, bladder, ovarian, and pancreatic cancers ([@bib1]; [@bib13]; [@bib27]; [@bib23]). It is also interesting to note that AURK-A is located on chromosome 20q13.2, which is often amplified in many malignant diseases, including OS ([@bib5]). In several different cancer cells overexpression of AURK-B has been shown and indications have been provided for its possible involvement, together with other factors, in malignant transformation of normal cells ([@bib27]; [@bib23]). Interestingly, AURK-B is located on chromosome 17p13.1, which has also been found to be amplified in OS ([@bib5]).

This body of evidence has indicated the Aurora kinases as promising candidates to develop targeted drugs. To date, a growing number of inhibitors of Aurora kinases have been described ([@bib10]; [@bib27]; [@bib21]). Among these, VX-680 (also referred as MK-0457 or Tozasertib) and ZM447439 have been studied in several human tumours and also entered Phase I/II clinical trials ([@bib1]; [@bib10]; [@bib27]). VX-680 and ZM447439 target the ATP-binding site of Aurora kinases and inhibit all three family members; however, their efficacy appears to be mainly associated with the inhibition of AURK-A or AURK-B ([@bib11]; [@bib17]; [@bib1]; [@bib10]; [@bib27]; [@bib21]; [@bib24]). Clinical experience with VX-680 and ZM447439 showed that these drugs have no or very limited effects on non-cycling human normal cells (probably because their low Aurora kinases expression) and that their combination with conventional chemotherapeutic agents may improve the clinical efficacy of standard treatment regimens without increasing collateral toxicity ([@bib1]; [@bib10]; [@bib27]).

Very scarce data have been reported concerning the efficacy of Aurora kinase inhibitors in OS cells ([@bib11]; [@bib15]) and no information is available about the impact of AURK-A and AURK-B in OS pathogenesis and clinical outcome. In the present study, we have assessed the biologic relevance of both kinases in OS clinical samples and have evaluated the *in vitro* efficacy of VX-680 and ZM447439 on a panel of drug-sensitive and drug-resistant human OS cell lines, either as single agents or in combination with the conventional chemotherapeutic drugs used in OS chemotherapy.

Materials and Methods
=====================

Drugs
-----

Cisplatin (CDDP), doxorubicin (DX), and methotrexate (MTX) were purchased, respectively, from Teva Italia (Milan, Italy), Wyeth Lederle (Latina, Italy), and Sandoz (Varese, Italy). CBA Research, Inc. (Lexington, KY, USA) provided CBT-1. Stock solutions of CDDP (500 *μ*g ml^−1^) and MTX (25 mg ml^−1^) were stored at 4 °C. Stock solution aliquots of DX (2 mg ml^−1^) and CBT-1 (0.01 [M]{.smallcaps}) were stored at −20 °C. VX-680 and ZM447439 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and were dissolved in dimethylsulphoxide (DMSO) at 20 and 1 m[M]{.smallcaps} concentrations, respectively. Stock solution aliquots were stored at −20 °C. For all drugs, working concentrations were prepared by diluting stock solutions in culture medium just before use.

Cell cultures
-------------

The cell line panel used for this study included U-2OS and Saos-2 human OS cell lines, which were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA), and the IOR/OS9 and IOR/OS18 human OS cell lines that were established from clinical specimens obtained from OS patients at the Experimental Oncology Laboratory of the Orthopaedic Rizzoli Institute ([@bib6]; [@bib29]). The human OS cell lines resistant to DX (U-2OS/DX580 and Saos-2/DX580), MTX (U-2OS/MTX300; Saos-2/MTX300), and CDDP (U-2OS/CDDP4 *μ*g and Saos-2/CDDP6 *μ*g) were established by exposing the drug-sensitive U-2OS and Saos-2 cell lines to stepwise increasing concentrations of each drug, as previously described ([@bib34], [@bib33]; [@bib30]). DNA fingerprint analysis of 14 polymorphic short-term tandem repeat (STR) sequences was performed for all cell lines as previously described ([@bib29]). For U-2OS and Saos-2 cell lines, STR profile completely agreed with that provided by the ATCC ([@bib29]). STR profile of drug-resistant variants was identical to those of their corresponding parental cell lines. All cell lines were cultured in Iscove\'s modified Dulbecco\'s medium (IMDM), supplemented with penicillin (100 U ml^−1^)/streptomycin (100 *μ*g ml^−1^) (Invitrogen Ltd, Paisley, UK) and 10% heat-inactivated fetal bovine serum (FBS; Biowhittaker Europe, Cambrex-Verviers, Belgium). Normal human osteoblast cultures (purchased from Lonza Walkersville Inc., Walkersville, MD, USA) were cultured in OGM-osteoblast medium (Lonza Walkersville Inc) for 2--3 weeks before being processed for RNA extraction. All cell cultures were maintained at 37 °C in a humidified 5% CO~2~ atmosphere.

Clinical samples
----------------

The series of clinical samples included 21 conventional OS (primary, high-grade tumours located in the extremities of patients younger than 40 years). All samples were obtained from surgical biopsies obtained at diagnosis before any treatment. All patients were treated with neoadjuvant chemotherapy protocols based on DX, MTX, CDDP, and ifosfamide and continuously followed up. Median follow-up was 91 months (range 63--218 months). Written informed consent for using their biologic material for research purposes was obtained from each patient entering the study, which was approved by the Istituto Ortopedico Rizzoli Ethical Committee.

RNA isolation
-------------

For cell lines, RNA was extracted from cell pellets by using the TRIzol reagent (Invitrogen) according to standard procedures. After isolation, RNA concentration and quality were evaluated by spectrophotometry using the NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA) and by electrophoresis on a 1.5% agarose gel. For clinical samples, total RNA was extracted from snap-frozen specimens by using the TRIzol method. Before extraction, all samples were histologically examined for tissue quality in order to isolate RNA only from representative specimens. Fragmentation of cRNA, hybridisation to hg-u133 plus 2.0 microarrays, and scanning were performed as described by ([@bib26]). After normalisation of expression data with the MAS5.0 algorithm, gene expression profiles were analysed by using the freely available R2 web application (<http://r2.amc.nl>).

Aurora kinases and ABCB1 silencing by siRNA
-------------------------------------------

Cells were seeded in 6-well or in 96-well plates in drug-free IMDM 10% FBS without antibiotics. After 24 h, the medium was replaced with FBS- and antibiotic-free IMDM supplemented with Lipofectamine 2000 (Invitrogen) and 25 n[M]{.smallcaps} Dharmacon ON-TARGET plus SMARTpool siRNA (Thermo Fisher Scientific, Waltham, MA, USA) specific for AURK-A (L-003545-01, Human AURKA), AURK-B (L-003326-00, Human AURKB), or scrambled SMARTpool siRNA (D-001810-02-20). The 10 n[M]{.smallcaps} IDT Screening DsiRNA Duplex pool (Integrated DNA Technologies, Coralville, IA, USA) was used to silence ABCB1 (HSC.RNAI.N000927.12.1_10 nm;.12.2_10 nm;.12.3_10 nm) and scrambled oligonuleotide was IDT Negative Control (DS NC1---trifecta; Integrated DNA Technologies).

Controls were cultured in the same media without siRNA. After 5 h, transfection medium was replaced with IMDM 10% FBS without antibiotics and cells were maintained in culture for 24, 48, and 72 h for U-2OS cell line and for 48, 72, and 96 h for Saos-2 and IOR/OS18 cell lines. After evaluation of cell morphology, cells were harvested and counted with the Trypan blue dye exclusion method (to assess the extent of growth inhibition) and processed for cell cycle analysis, RNA and protein extraction. In ABCB1-silencing experiments, the medium of Saos-2/DX580 and U-2OS/DX580 was replaced with IMDM 10% FBS without antibiotics added or not with VX-680 or ZM447439 at different dosages. After 96 h, the harvested cells were processed for RNA extraction and protein evaluation by immunoflorescence. Growth inhibition was assesed by means of the 3-(4,5-dimethylthiazol-2-yl)-2,5-dephenyltetrazolium bromide (MTT) assay.

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------

For single gene expression analyses, 500 ng of total RNA were reverse transcribed using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer\'s protocol. cDNAs were aliquoted and stored at −20 °C until use. To quantify the fold-change of each kinase gene expression between the silenced samples and controls, the TaqMan Gene Expression Assays *AURKA* (Assay ID: Hs01582072_m1) and *AURKB* (Assay ID: Hs00177782_m1) were used on the ABI PRISM 7900 SDS instrument (Applied Biosystems). The reference gene chosen was *GAPDH* (Assay ID: Hs99999905_m1). To detect the *ABCB1*-mRNA IDT PrimeTime Std qPCR Assay 6-FAM/ZEN/IBFQ (Assay ID: Hs.PT.56. 39182776, Integrated DNA Technologies) was used. All amplification reactions for each sample were performed in triplicate using the TaqMan Universal PCR Master Mix (Applied Biosystems) in a total volume of 25 *μ*l and the standard programme of 40 cycles (95 °C for 5 s, 60 °C for 20 s, 72 °C for 30 s) after an initial incubation step at 95 °C for 10 s. Each gene and its variant were analysed in at least two independent experiments. The delta (Δ) C~T~ values of *GAPDH* were used to normalise all other genes tested from the same cDNA aliquot. The fold-differences in gene expression of silenced samples compared with non-treated cells (controls) were calculated as 2-ΔΔC~T~, using controls as calibrators, where ΔC~T~=C~T~ of target genes--C~T~ of reference gene, and ΔΔC~T~=ΔC~T~ of variant--ΔC~T~ of calibrator.

Protein analysis by western blot
--------------------------------

Cells were scraped, washed twice in cooled PBS, and then lysed in RIPA buffer. The cell suspensions were shaken in ice for 30 min. The lysates were centrifuged at 13 000 r.p.m. for 15 min at 4 °C. Equal amounts of cell lysates were resolved by SDS--PAGE and then transferred to a PVDF membrane (Immobilon P-Transfer membrane, Millipore, Billerica, MA, USA). The membranes were incubated in blocking solution consisting of 5% powered milk in TBST at room temperature for 1 h and then with the anti-Aurora-A kinase mouse monoclonal antibody (AbD serotec, Oxford, UK) or the anti-Aurora-B (N-term) rabbit polyclonal antibody (Epitomics, CA, USA). Purified mouse monoclonal antibodies specific for human Caspase 2 (Cell Signaling Technology, Danvers, MA, USA), Caspase 3 (Cell Signaling Technology), and poly ADP-ribose polymerase-1 (PARP-1; BD Biosciences, Franklin Lakes, NJ, USA) were used to assess apoptosis markers. To verify the protein loading of each sample, the same membranes were immunostained with an anti-beta-actin monoclonal antibody (Chemicon International, Temecula, CA, USA). Protein bands were visualised by using an enhanced chemiluminescence detection system (Liteablot Plus, Euroclone, Milan, Italy) and autoradiography. For each band, the amount of protein was determined by densitometric analysis and normalised to that of beta-actin.

Protein analysis by immunofluorescence
--------------------------------------

For immunofluorescence staining, cells were harvested, washed once in PBS, twice with a Hepes 0.01 [M]{.smallcaps} solution (Sigma-Aldrich Co., St. Louis, MO, USA) in HBSS (Sigma-Aldrich Co.), and then fixed with PFA (4% in PBS) for 5 min. After a wash in Hepes 0.01 [M]{.smallcaps}, cells were permeabilised with a Saponin 0.1% solution (Sigma-Aldrich Co.) in Hepes 0.01 [M]{.smallcaps} for 5 min and incubated with the primary antibody anti-P-glycoprotein mouse mAb MRK16 (Kamiya, Seattle, WA, USA) diluted 1 : 100 in Saponin 0.1% for 40 min. Cell were washed once with Saponin 0.1% and then treated with the secondary antibody anti-mouse FITC antibody (1 : 100 in Saponin 0.1%, Sigma-Aldrich Co.) for 40 min followed by washing twice with Saponin 0.1% and once with Hepes 0.01 [M]{.smallcaps}. For the negative control, the primary antibody was replaced by Saponin 0.1%. Samples were analysed by flow cytometry (FACSCalibur, Becton Dickinson, San Jose, CA, USA).

*In vitro* drug sensitivities of human OS cell lines
----------------------------------------------------

Drug sensitivity of each cell line was calculated from the drug dose--response curves obtained by using a standard MTT assay kit (Roche Diagnostics GmbH, Mannheim, Germany) and expressed as IC50 (drug concentration resulting in 50% inhibition of cell growth after 96 h of *in vitro* treatment). In DX-resistant variants, *in vitro* efficacies of VX-680 and ZM447439 were also assessed when ABCB1 was inhibited with CBT-1 or siRNA. Cells were treated for 96 h with different dosages of each Aurora kinase inhibitor ±0.5--1 *μ*[M]{.smallcaps} CBT-1, 10 n[M]{.smallcaps} *ABCB1* siRNA, or scrambled oligonucleotide. The extent of growth inhibition in the presence of CBT-1, siRNA *ABCB1*, or scrambled was compared with that obtained with VX-680 or ZM447439 alone.

Evaluation of drug--drug interactions
-------------------------------------

To evaluate the *in vitro* interactions between VX-680 or ZM447439 and conventional chemotherapeutic drugs, human OS cell lines were incubated with different regimens of two-drugs combinations. Cell lines were treated with combinations of increasing and decreasing drug dosages defined on the basis of the ratio of the specific IC50 values obtained in each cell line. Drug interaction effects were evaluated after 96 h of combined treatment. To define the type of interaction in terms of synergism, antagonism, or additivity, the combination index (CI) of each two-drugs combination was calculated with the equation of Chou--Talalay by using the CalcuSyn software (Biosoft, Stapleford, UK), as previously described ([@bib30]). By following the range of CI values indicated in the CalcuSyn software manual, we classified the drug--drug interaction as synergistic when CI was lower than 0.90, as additive when 0.90⩽CI⩽1.10, or as antagonistic when CI was higher than 1.10.

Cell cycle analysis
-------------------

Assessment of VX-680 and ZM447439 effects on cell cycle was performed by seeding drug-sensitive and drug-resistant cell lines in IMDM 10% FBS. After 24 h, the medium was changed with IMDM 10% FBS without (control) or with VX-680 or ZM447439 at dosages corresponding to the IC50 or 2-fold-IC50 concentrations of each cell line. Additional controls were also included in these experiments by culturing cells in IMDM 10% FBS supplemented with DMSO concentrations corresponding to those of drug-treated samples. After 48 and 72 h of drug exposure, cells were incubated with 10 m[M]{.smallcaps} bromodeoxyuridine (Sigma-Aldrich Co.) for 1 h in a humidified 5% CO~2~ atmosphere at 37 °C, harvested, and fixed in 70% ethanol for 30 min. After DNA denaturation with 2 [N]{.smallcaps} HCl, cells were processed for indirect immunofluorescence with the B44 anti-bromodeoxyuridine mouse monoclonal antibody (Becton Dickinson) diluted 1 : 8, followed by an anti-mouse FITC antibody (Sigma-Aldrich Co.) diluted 1 : 200. For the simultaneous determination of DNA content, cell suspensions were stained with 20 mg ml^−1^ propidium iodide (Sigma-Aldrich Co.). All samples were analysed by flow cytometry (FACSCalibur, Becton Dickinson).

Soft-agar assay
---------------

Anchorage-independent growth was determined in 0.33% agarose (SeaPlaque, FMC BioProducts, Rockland, ME, USA) with a 0.5% agarose underlay. The following number of cells were seeded in 60 mm dishes: 10 000 for U-2OS/DX580, Saos-2/MTX300, and Saos-2/CDDP6 *μ*g; 25 000 for IOR/OS18; 33 000 for U-2OS, Saos-2, Saos-2/DX580, and U-2OS/CDDP4 *μ*g; 50 000 for U-2OS/MTX300; and 100 000 for IOR/OS9. Cells were plated in a semisolid medium (IMDM+10% FBS containing 0.33% agarose) containing the IC50 concentration of VX-680 or ZM447439, or with IMDM 10% FBS supplemented with DMSO concentrations corresponding to those of treated cells (non-treated DMSO controls). Dishes were incubated at 37 °C in a humidified atmosphere containing 5% CO~2~, and colonies with more than 50 cells were counted after 15 days.

Motility assay
--------------

Motility assays were performed by seeding 300 000 cells per well in 6-well plates. After 24 h, ∼0.6 mm-wide scrapes were made using a 1-ml micropipette tip. Culture media was changed to remove cellular debris and cells were incubated with VX-680 or ZM447439 dosages corresponding to the IC50 concentration of each cell line. Untreated controls were cultured in IMDM 10% FBS without or with DMSO concentrations corresponding to those of drug-treated samples. Scrapes were photographed at the beginning of treatments and at different time points with the Olympus IX51 inverted microscope (X40 magnification; Olympus Optical, Tokyo, Japan). Scrape widths were measured with the ImageJ software (National Institutes of Health, Bethesda, MD, USA). Motility capability was estimated by substracting the width of scrape at each time point from that of the initial scrape, obtaining an estimation of the scrape-healing capability.

Statistics
----------

Differences among means were analysed with the Student\'s *t*-test. Kaplan--Meier and log-rank methods were used to draw and evaluate the significance of survival curves. Differences in motility capability were tested by two-way ANOVA for repeated measures (analyses were performed with the GraphPad Prism v5 software; GraphPad Software Inc., La Jolla, CA, USA).

Results
=======

Analysis of kinase expression level on human OS clinical samples and cell lines
-------------------------------------------------------------------------------

By mining the data obtained from gene expression profiles with the R2 bioinformatic tool (<http://r2.amc.nl>), AURK-A and AURK-B proved to be significantly overexpressed in human OS clinical cases in comparison with human normal muscles and other normal tissues ([Figure 1A](#fig1){ref-type="fig"}). By using as cut-off the median expression level of each kinase to distinguish the low-expressing- (expression level lower than the cut-off value) from high-expressing patients (expression level equal or higher than the cut-off value), a trend towards a worse outcome in terms of event-free (AURK-A) and overall survival (AURK-A and AURK-B) probability for high expressors was found ([Figures 1B and C](#fig1){ref-type="fig"}). These findings, together with the observation that three out of the four outlier patients (identified by the dots located above the grey area of the box plots in [Figure 1A](#fig1){ref-type="fig"}) with the highest expression level of AURK-A and/or AURK-B relapsed, suggest that both kinases are involved in OS pathogenesis and impact on clinical outcome.

Knockdown of AURK-A and AURK-B
------------------------------

In order to verify whether AURK-A and AURK-B are functionally and biologically relevant for OS cell growth, RNA interference approaches were used to knock down each kinase in three human OS cell lines (U-2OS, Saos-2, and IOR/OS18) showing different expression of each kinase ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Small interfering RNA transfection experiments proved to significantly silence both kinases in all three cell lines. A significant knockdown of both AURK-A and AURK-B mRNA and proteins was obtained in U-2OS and Saos-2 cell lines, whereas in IOR/OS18 cell line the knockdown was remarkably more relevant at the protein than at the mRNA level ([Table 1](#tbl1){ref-type="table"}). The silencing specificity was confirmed by the fact that transfection with scrambled siRNA (SCR) did not decrease the expression of AURK-A and AURK-B compared with non-treated control (NT-CTR) cells ([Table 1](#tbl1){ref-type="table"}). The effects of AURK-A and AURK-B silencing were also estimated through the evaluation of cell morphology and growth inhibition. Cell lines did not show any evident cell distress or significant morphological changes as consequence of AURK-A or AURK-B silencing (data not shown). However, kinases silencing produced an evident growth inhibition in all three cell lines but with different efficiencies ([Figure 2](#fig2){ref-type="fig"}). Silencing of AURK-A and AURK-B was associated with a marked growth inhibition in U-2OS and Saos-2 cell lines, which was already evident 48 h after treatment with siRNA and was also maintained for longer times. The IOR/OS18 cell line showed a similar marked growth inhibition after AURK-B silencing, which was, however, less relevant after AURK-A knockdown (probably because of its inherent higher levels of AURK-A compared with U-2OS and Saos-2, as shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

*In vitro* sensitivity to Aurora kinases-targeting drugs
--------------------------------------------------------

The *in vitro* sensitivity to the Aurora kinases-targeting drugs VX-680 and ZM447439 was estimated on the basis of drug--dosage response curves after 96 h of treatment, from which the IC50 value (drug concentration that induced 50% growth inhibition compared with untreated controls) for each cell line was determined ([Table 2](#tbl2){ref-type="table"}). All drug-sensitive cell lines proved to be highly sensitive to both drugs, showing IC50 values in a submicromolar/low micromolar range (from 0.2 to 5.5 *μ*[M]{.smallcaps}). In the group of drug-sensitive cell lines, VX-680 proved to be slightly more effective than ZM447439, showing a mean IC50 value of 0.7±0.3 compared with 3.0±1.8 *μ*[M]{.smallcaps}. Aurora kinases-targeting drugs efficacy was also assessed on six different drug-resistant variants. No evidence of cross-resistance was found with MTX, showing MTX-resistant variants IC50 values similar to those of drug-sensitive cell lines. All DX-resistant variants showed a decrease of *in vitro* sensitivity to both VX-680 and ZM447439, indicating the possible presence of cross-resistance mechanisms. As the most relevant mechanism of drug resistance developed by these cell lines is the overexpression of ABCB1 ([@bib34]; [@bib20]), additional experiments were performed in order to verify whether this membrane transporter may also mediate resistance against these two drugs. The *in vitro* efficacy of VX-680 and ZM447439 was assessed either after knocking down *ABCB1* gene expression by specific siRNA ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) or by inhibiting the ABCB1 activity with CBT-1 in both DX-resistant cell lines. As shown in [Figure 3](#fig3){ref-type="fig"}, both ABCB1-mRNA silencing and CBT-1 increased the efficacy of both anti-kinase drugs, indicating that ABCB1 overexpression negatively interferes with VX-680 and ZM447439 activity. VX-680 also showed a decreased activity in CDDP-resistant variants; however, it is not clear at this moment which mechanism may be responsible for this partial cross-resistance. The reduced activity of VX-680 and ZM447439 in DX- and CDDP-resistant variants was not due to an increase of their intracellular content of AURK-A or AURK-B, which was similar to those of parental cell lines (data not shown).

Cell cycle perturbations and apoptosis induced by Aurora kinases-targeting drugs
--------------------------------------------------------------------------------

Cell cycle perturbations induced by Aurora kinases-targeting drugs were assessed by flow cytometry after treatment of both drug-sensitive and drug-resistant cell lines with their corresponding IC50 dose of VX-680 or ZM447439. Incubation of drug-sensitive cell lines with VX-680 induced a clear hyperploidisation (most probably due to endoreduplication), which emerged after 48 h of treatment ([Figure 4A](#fig4){ref-type="fig"}). This effect was maintained even after 72 h of drug exposure (data not shown). In the Saos-2 cell line, the drug-induced hyperploidisation was still present but less evident compared with the other three cell lines ([Figure 4A](#fig4){ref-type="fig"}). The drug-induced hyperploidisation did not allow a reliable estimation of cell distribution among the different cell cycle phases, as the peak of hyperploid cells overlapped that of the G2/M phase of the original cell population. A similar phenomenon occured with ZM447439, which produced the same evidence in all drug-sensitive cell lines with the only exception of IOR/OS9 ([Figure 4A](#fig4){ref-type="fig"}).

In drug-resistant variants of U-2OS and Saos-2 cell lines, similar but less homogeneous results were obtained ([Figure 4B](#fig4){ref-type="fig"}). After 48 h of treatment, VX-680 induced hyperploidisation in all Saos-2 drug-resistant variants and in U-2OS/DX580, whereas ZM447439 induced hyperploidisation only in Saos-2/MTX300, Saos-2/CDDP6*μ*g, and U-2OS/CDDP4*μ*g. As described for drug-sensitive cell lines, the same picture without any significant change was observed after 72 h of drug exposure (data not shown). To verify whether treatment with Aurora kinases-targeting drugs also induced apoptosis, cleaveage, or degradation of Caspase 2, Caspase 3, and PARP-1 was assessed by western blot. As shown in [Figure 5](#fig5){ref-type="fig"} and in [Supplementary Figures S1A and B](#sup1){ref-type="supplementary-material"}, both drugs proved to variably induce apoptosis in all cell lines, with a non-homogeneous involvement of the apoptotic markers here considered. VX-680 induced apoptosis mainly through cleavage or degradation of Caspase 2 (with the only exception of Saos-2/DX580 and Saos-2/MTX300) and/or PARP-1 (U-2OS, Saos-2, IOR/OS18, U-2OS/CDDP4 *μ*g, and Saos-2/MTX300), whereas Caspase 3 was cleaved only in Saos-2, Saos-2/DX580, and Saos-2/MTX300 cell lines. Apoptosis induction after treatment with ZM447439 was revealed in a lower number of cell lines compared with VX-680. In particular, ZM447439 mainly induced apoptosis through cleavage or degradation of Caspase 2 (U-2OS, Saos-2, IOR/OS18, U-2OS/MTX300, and U-2OS/CDDP4 *μ*g) and/or PARP-1 (U-2OS, Saos-2, IOR/OS18, and Saos-2/MTX300), whereas Caspase 3 was cleaved only in the Saos-2 cell line.

Effect of VX-680 and ZM447439 on soft-agar colony formation and cell motility
-----------------------------------------------------------------------------

The *in vitro* activity of Aurora kinase inhibitors was also assessed in terms of inhibition of soft-agar colony formation in the presence of VX-680 or ZM447439 IC50 concentrations. Both drugs strongly and significantly inhibited the colony formation ability in all cell lines ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The impact of VX-680 and ZM447439 on OS cells motility was assessed by using a wound-healing migration assay ([Supplementary Figures S2A and B](#sup1){ref-type="supplementary-material"}). VX-680 decreased migration capability in several OS cell lines, reaching a statistically significant inhibition in IOR/OS9, U-2OS/CDDP4 *μ*g, Saos-2/MTX300, and Saos-2/CDDP6 *μ*g. A clear trend towards an inhibition of migration capability was also observed for U-2OS/DX580, Saos-2, and Saos-2/DX580, whereas IOR/OS18, U-2OS, and U-2OS/MTX300 did not show any response to VX-680 treatment ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Unlike VX-680, ZM447439 did not show any significant inhibition of migration capability, with the only exception of Saos-2/CDDP6 *μ*g ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}).

Interaction of Aurora kinase inhibitors with conventional chemotherapeutics
---------------------------------------------------------------------------

Drug--drug interaction analyses considered the combination of VX-680 and ZM447439 with the conventional drugs that are most commonly used in OS chemotherapy in order to verify whether this association may improve the efficacy of conventional drugs and/or overcome the cross-resistance effects observed in single-drug treatment experiments. As shown in [Table 3](#tbl3){ref-type="table"}, the combination of VX-680 with DX, MTX, or CDDP proved to be additive or synergistic in most cell lines, showing an antagonistic interaction with only MTX in U-2OS and with DX in Saos-2 drug-sensitive cell lines. It is worthwhile to note that the association of VX-680 with all three conventional chemotherapeutic agents produced an invariably positive interaction in all drug-resistant variants, including those that appeared to be partially cross-resistant to this kinase inhibitor. On the contrary, association of ZM447439 with conventional chemoterapeutics mostly produced antagonistic interactions.

Discussion
==========

Protein kinases have been proved to be involved in many key tumour cell processes including signalling, survival, proliferation, genomic instability, angiogenesis, migration, and metastatic dissemination ([@bib23]; [@bib4]). For these reasons, pharmacological modulation of kinase functions is an attractive therapeutic option, also because protein kinases can be targeted by several small molecules and drugs. 'Druggable\' kinases have therefore become one of the largest drug target families, with several approved inhibitors, many of which have already entered clinical trials and many more are under preclinical development ([@bib9]; [@bib27]; [@bib21]; [@bib23]; [@bib4]).

Although OS has not been extensively studied as other types of cancer, some findings have suggested that kinases may be involved in the pathogenesis and biological aggressiveness of this tumour ([@bib25]; [@bib38]). On the other hand, the value of tyrosine kinase inhibitors as adjuvant to standard OS treatment has yet to be further extensively explored. In this study, we have analysed the impact on OS cell biology of two of the most relevant cell cycle-related, druggable kinases: AURK-A and AURK-B. In particular, we assessed their biologic relevance for OS cell growth and malignancy, as well as the *in vitro* efficacy of the two Aurora kinase inhibitors VX-680 and ZM447439.

The Aurora family of protein kinases has emerged as a crucial factor of mitosis and cell proliferation in several different human tumours and has been found to be frequently overexpressed in human cancers, thus becoming an interesting candidate therapeutic target ([@bib1]; [@bib27]; [@bib32]; [@bib23]). However, like for other kinases, the biological impact of Aurora kinases needs to be evaluated and carefully preclinically validated inside each tumour type before being indicated as a possible target for new therapeutic approaches.

Our analysis of AURK-A and AURK-B gene expression in a series of 21 human high-grade OS clinical samples showed that both kinases were expressed at higher levels in tumour cells compared with several human normal tissues and that the high expression of these molecules was associated with a trend towards a worse clinical outcome. These findings indicated that AURK-A and AURK-B are probably involved in the OS pathogenesis and may also have an impact on the clinical outcome.

On the basis of this evidence, additional studies based on siRNA silencing were performed to determine the dependency of OS cells on AURK-A and AURK-B expression. Silencing experiments were carried out on three different human OS cell lines with AURK-A and AURK-B expression levels comparable to those observed in OS clinical samples. The three cell lines used for silencing experiments were selected on the basis of their relative kinase expression, in order to study cells with different expression levels of AURK-A or AURK-B. Knockdown of both kinases produced a relevant cell growth inhibition, indicating that the expression of AURK-A and AURK-B is important for proliferation of human OS cells.

Findings obtained on clinical samples and derived from silencing experiments provided thus the rationale for extending the study to test the Aurora kinase inhibitors efficacy. Among the several inhibitors that have been described so far, we decided to consider VX-680 and ZM447439 as they have already been preclinically and, successfully, clinically validated in Phase I/II studies and proved to be active in different human tumour cells ([@bib11]; [@bib17]; [@bib1]; [@bib27]; [@bib21]; [@bib23]; [@bib24]). The *in vitro* activity of both drugs was assessed on a panel of four drug-sensitive (three of which were the same that were used for the silencing experiments) and six drug-resistant human OS cell lines. VX-680 and ZM447439 proved to be highly active in all drug-sensitive and MTX-resistant cell lines, which presented IC50 values in the submicromolar/low micromolar range. Both drugs presented an evident decrease of activity in DX-resistant variants and, at a lower extent, in CDDP-resistant variants, suggesting the possible existence of cross-resistance mechanisms.

As the most relevant mechanism of resistance developed by U-2OS- and Saos-2 DX-resistant variants is the overexpression of the ABCB1 (MDR1) membrane transporter ([@bib34]; [@bib20]), we explored whether this membrane efflux pump may be responsible for the observed reduced efficacy of VX-680 and ZM447439. The reversion of cross-resistance obtained by silencing the *ABCB1* gene in DX-resistant variants or by treating these cells with the ABCB1 inhibitor CBT-1 ([@bib31]; [@bib22]) confirmed the involvement of this transporter in the decrease of VX-680 and ZM447439 activity. These data are in agreement with evidence reported in other experimental models, in which it has been demonstrated that VX-680 can be recognised as substrate by ABCB1 ([@bib7]). The same evidence emerged from the combined treatment with ZM447439 and CBT-1, providing the new indication that this drug may also be a substrate of ABCB1.

At this moment, we do not have any explanation for the decreased cell growth inhibition activity of VX-680 that we observed in CDDP-resistant variants. Ongoing studies should clarify whether this drug can be detoxified by glutathione enzymes, which are strictly connected with the CDDP resistance of these cell lines ([@bib30]).

Drug combination experiments, in which Aurora kinase inhibitors were associated with conventional chemotherapeutics in both parental, drug-sensitive U-2OS and Saos-2 cell lines and their drug-resistant variants, showed that the association of VX-680 with either DX, MTX, or CDDP produced almost invariably additive or synergistic interactions, even overcoming the DX- and CDDP cross-resistance described above. The positive interaction of VX-680 with conventional drugs may therefore support a further preclinical and clinical evaluation of the activity of this drug, which proved to be able to potentiate the efficacy of conventional cytotoxic agents on OS cells. It is worthwhile noting that the synergistic effect of the combined treatment of VX-680 with CDDP that we observed in CDDP-resistant variants may suggest the involvement of Aurora kinases in CDDP resistance of OS cells, as described for other tumours ([@bib35]). Unlike VX-680, drug association experiments with ZM447439 produced mainly negative interactions for presently unknown reasons.

The preclinical evaluation of VX-680 and ZM447439 activity on OS cells was implemented with the analysis of their effects on cell cycle, apoptosis, cellular motility, and growth in anchorage-independent conditions.

Treatment with VX-680 and ZM447439 produced hyperploidisation in the majority of OS cell lines, which was most probably also responsible for the observed slower cell proliferation. These results can be explained by the effects that Aurora kinases inhibition may produce on cell cycle progression and, consequently, on cellular DNA ploidy ([@bib21]; [@bib28]). In different experimental models, it has been reported that inhibition of AURK-A and/or AURK-B can produce different cell cycle and ploidy alterations, which can be also related to the status of P53: cell lines with wild-type or active P53 usually undergo apoptosis or growth arrest in a pseudo-G1 phase, whereas cell lines with mutated or inactive P53 tend to progress along cell cycle phases and become polyploid ([@bib11]; [@bib1]; [@bib28]). However, in our study, we did not find this strict association with P53 status. In fact, although our panel included two cell lines (U-2OS and IOR/OS9) carrying wild-type P53 and two cell lines (Saos-2 and IOR/OS18) with partially deleted, non-functional P53 ([@bib29]), we did not observe significant differences between them in terms of tendency to become hyper(poly)ploid or to undergo apoptosis after treatment with VX-680 or ZM447439. This evidence indicated that, in our experimental models, the hyperploidy induced by these two drugs is independent from the P53 status, as described for other human tumour cells ([@bib28]). On the other hand, in our cell lines, the rapid hyperploidisation induced by VX-680 and ZM447439 treatment appeared to be associated with an impaired capacity to proliferate, which may drive cells toward apoptosis, as indicated by our results and as described in other systems ([@bib14]; [@bib21]; [@bib28]). In our cell lines, we obtained evidence that VX-680 and ZM447439 trigger cells to apoptosis by activating Caspase 2 and inducing mitotic catastrophe, as described for other agents that, like these Aurora kinase inhibitors, disrupt the mitotic spindle ([@bib18]).

As in other experimental models inhibition of AURK-A and AURK-B have been shown to decrease the anchorage-independent growth in soft-agar and the cellular migration and motility ([@bib16]; [@bib2]; [@bib37]; [@bib36]; [@bib3]), we evaluated whether also in OS cells VX-680 and ZM447439 may influence these features, which are related to the *in vivo* tumorigenic and metastatic potential. Both drugs significantly reduced the anchorage-independent growth in soft-agar in all OS cell lines. VX-680 also decreased migration capability in the majority of cell lines, whereas ZM447439 decreased migration capability of the Saos-2/CDDP6 *μ*g cell line only. These findings further support the potential therapeutic value of these two Aurora kinases inhibitors, and in particular of VX-680, which appeared to decrease the malignant phenotype of human OS cells.

Conclusions
===========

In conclusion, targeted therapies against specific kinases have been indicated to have an acceptable toxicity profile and to produce fewer short-term and long-term collateral toxicity compared with conventional chemotherapy ([@bib9]; [@bib1]; [@bib27]; [@bib21]). Therefore, targeting these molecules offers the hope for not only an increased treatment efficacy and cure probability but also for an improved quality of life, an aspect that has a very high relevance for tumours that, like OS, mainly affect young people with long life expectancies. However, in this study we provided evidence indicating that the use of these new agents in multimodal treatment of OS must be considered in association with conventional chemotherapy and based on a preliminary knowledge of the presence of possible mechanisms of resistance (most of all the ABCB1 expression level) in each patient, which may limit the efficacy of this approach. The fact that the association of VX-680 with standard chemotherapeutics proved to enhance the activity of each drug and to overcome the partial cross-resistance observed in the single-drug administration\'s further supports the potential clinical value of Aurora kinase inhibition approaches. Moreover, as ABCB1 overexpression has been demonstrated to negatively impact on the clinical outcome of 40--45% high-grade OS patients ([@bib19]) and as, in this study, this same mechanism has been shown to partially decrease the efficacy of Aurora kinase-targeting drugs, the findings here on the possibility of reverting the ABCB1-associated mutlidrug resistance with CBT-1 may open up additional new therapeutic perspectives also for ABCB1-overexpressing OS patients.
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![**Gene expression profiling results obtained by using the hg-u133 plus 2.0 Affymetrix microarrays and analysed with the R2 web application (http://r2.amc.nl).** (**A**) Box plot graphical presentation of the AURK-A and AURK-B expression levels in 21 human osteosarcoma clinical samples in comparison with human normal muscles and other normal tissues. Numbers inside parenthesis indicate the number of analysed samples. Asterisks indicate statistically significant differences by ANOVA test (*P*\<0.01). (**B**) Event-free and (**C**) overall survival probability of the 21 high-grade OS patients stratified according to the median expression level of AURK-A or AURK-B. The group of high expressors (HIGH) included patients showing kinase expression levels equal or higher than the cut-off value.](bjc2013643f1){#fig1}

![**Growth inhibition (GI) induced by AURK-A (left) or AURK-B (right) silencing in the three human OS cell lines U-2OS, Saos-2, IOR/OS18.** CTR, control, non-treated cells; SCR, cells transfected with scrambled siRNA.](bjc2013643f2){#fig2}

![**Reversal of cross-resistance against Aurora kinase-targeting drugs in U-2OS/DX580 and Saos-2/DX580 cell lines.** Columns represent the fold increase in VX-680 and ZM447439 sensitivity of cells transfected with scrambled oligonucleotide (SCR), with *ABCB1* silencing siRNAs or in the presence of two different doses of the ABCB1 inhibitor CBT-1 (CBT-1 0.5 *μ*[M]{.smallcaps} and CBT-1 1 *μ*[M]{.smallcaps}). The fold increase in drug sensitivity was calculated by dividing the VX-680 and ZM447439 IC50 values of controls (cell treated with VX-680 or ZM447439 only) by the IC50 values of silenced- or CBT-1-treated cells.](bjc2013643f3){#fig3}

![**Cell cycle perturbations induced by treatment with the IC50 doses of VX-680 and ZM447439 in drug-sensitive (**A**) and drug-resistant (**B**) human OS cell lines.** Graphs were derived from cell cycle analyses performed after 48 h of drug treatment. The intensity of propidium iodide fluorescence (representative for the DNA content) is plotted on *x* axis. The intensity of the incorporated BrdU fluorescence (representative for the DNA synthesis) is plotted on *y* axis. The different cell populations were identified according to the scheme shown in the plot on the top left of panel **A**. CTR, control non-treated cells cultured in drug-free and DMSO-free medium; DMSO, control non-treated cells cultured in the presence of DMSO concentrations corresponding to those of drug-treated samples; VX-680 or ZM447439, cells treated with IC50 dosage of each Aurora kinase inhibitor drug.](bjc2013643f4){#fig4}

![**Western blot analyses for Caspase 2, Caspase 3, and PARP-1 in the four drug-sensitive human osteosarcoma cell lines after treatment with VX-680 and ZM447439.** Lines with U-2OS+CDDP5 *μ*g and Saos-2+CDDP10 *μ*g were used as positive controls to detect Caspase 3 and PARP-1 cleavage induced by the treatment for 48 h with CDDP 5 *μ*g ml^−1^ or CDDP 10 *μ*g ml^−1^, respectively. CTR, control non-treated cells cultured in drug-free and DMSO-free medium; DMSO, control non-treated cells cultured in the presence of DMSO concentrations corresponding to those of drug-treated samples; VX-680 or ZM447439, cells treated with IC50 or two-fold IC50 (VX-680 × 2 or ZM447439 × 2) dosage of each Aurora kinase inhibitor drug.](bjc2013643f5){#fig5}

###### Gene and protein knockdown obtained with siRNA transfection in three human OS cell lines

  **Sample**                               **%AURK-A mRNA**   **%AURK-A protein**   **Sample**     **%AURK-B mRNA**   **%AURK-B protein**
  ---------------------------------------- ------------------ --------------------- -------------- ------------------ ---------------------
  **U-2OS**                                                                                                           
  NT-CTR[a](#t1-fn2){ref-type="fn"} 24 h   100                100                   NT-CTR 24 h    100                100
  SCR[b](#t1-fn3){ref-type="fn"}           104                124                   SCR            130                131
  siRNA AURK-A                             11                 0                     siRNA AURK-B   22                 10
  NT-CTR 48 h                              100                100                   NT-CTR 48 h    100                100
  SCR                                      112                119                   SCR            105                131
  siRNA AURK-A                             14                 14                    siRNA AURK-B   17                 2
  NT-CTR 72 h                              100                100                   NT-CTR 72 h    100                100
  SCR                                      115                106                   SCR            113                108
  siRNA AURK-A                             17                 15                    siRNA AURK-B   28                 24
  **Saos-2**                                                                                                          
  NT-CTR 48h                               100                100                   NT-CTR 48 h    100                100
  SCR                                      124                86                    SCR            135                83
  siRNA AURK-A                             12                 17                    siRNA AURK-B   20                 3
  NT-CTR 72 h                              100                100                   NT-CTR 72 h    100                100
  SCR                                      78                 122                   SCR            99                 118
  siRNA AURK-A                             15                 36                    siRNA AURK-B   18                 20
  NT-CTR 96 h                              100                100                   NT-CTR 96 h    100                100
  SCR                                      105                108                   SCR            106                116
  siRNA AURK-A                             8                  17                    siRNA AURK-B   22                 0
  **IOR/OS18**                                                                                                        
  NT-CTR 48 h                              100                100                   NT-CTR 48 h    100                100
  SCR                                      148                120                   SCR            121                95
  siRNA AURK-A                             70                 49                    siRNA AURK-B   60                 12
  NT-CTR 72 h                              100                100                   NT-CTR 72 h    100                100
  SCR                                      115                136                   SCR            99                 138
  siRNA AURK-A                             70                 51                    siRNA AURK-B   64                 14
  NT-CTR 96 h                              100                100                   NT-CTR 96 h    100                100
  SCR                                      100                73                    SCR            103                92
  siRNA AURK-A                             58                 31                    siRNA AURK-B   70                 18

Abbreviations: AURK-A=Aurora kinase-A; AURK-B=Aurora kinase-B; OS=osteosarcoma.

NT-CTR, non-treated cells (controls).

SCR, cells transfected with scrambled siRNAs.

###### *In vitro* sensitivity to the Aurora kinases-targeting drugs VX-680 and ZM447439 of a panel of 10 human osteosarcoma cell lines

                                  **VX-680**   **ZM447439**          
  ------------------------------- ------------ -------------- ------ -----
  **U-2OS**                       0.4          0.2            2.7    0.1
  **Saos-2**                      0.4          0.2            2.7    0.3
  **IOR/OS18**                    2.2          0.5            5.5    1.2
  **IOR/OS9**                     0.2          0.2            0.7    0.2
  **U-2OS/DX580**                 52.8         6.5            11.2   2.3
  **Saos-2/DX580**                16.3         2.5            13.8   2.3
  **U-2OS/MTX300**                0.6          0.1            4.3    0.4
  **Saos-2/MTX300**               0.3          0.2            0.6    0.2
  **U-2OS/CDDP4 *****μ*****g**    15.2         1.2            4.4    1.0
  **Saos-2/CDDP6 *****μ*****g**   8.4          2.6            2.7    0.8

The cell line panel included four drug-sensitive human osteosarcoma cell lines (U-2OS, Saos-2, IOR/OS18, IOR/OS9) and U-2OS or Saos-2 variants resistant to doxorubicin (U-2OS/DX580, Saos-2/DX580), methotrexate (U-2OS/MTX300, Saos-2/MTX300), or cisplatin (U-2OS/CDDP4 *μ*g, Saos-2/CDDP6 *μ*g).

IC50 values were calculated after 96 h of drug treatment. Data refer to the mean IC50±s.d. of three different experiments.

###### Interaction of Aurora kinase-targeting drugs with conventional chemotherapeutics used for osteosarcoma treatment

  **Drug combination**                                    **U-2OS**                        **Saos-2**             **U-2OS/MTX300**   **Saos-2/MTX300**   **U-2OS/CDDP4 *****μ*****g**   **Saos-2/CDDP6 *****μ*****g**   **U-2OS/DX580**   **Saos-2/DX580**
  -------------------------------------------- -------------------------------- -------------------------------- ------------------ ------------------- ------------------------------ ------------------------------- ----------------- ------------------
  **VX-680+DX**[a](#t3-fn2){ref-type="fn"}      SYN[b](#t3-fn3){ref-type="fn"}   Ant[c](#t3-fn4){ref-type="fn"}                                                                                                               ADD               ADD
  **VX-680+MTX**[d](#t3-fn5){ref-type="fn"}                  Ant                 ADD[e](#t3-fn6){ref-type="fn"}         SYN                 SYN                                                                                                   
  **VX-680+CDDP**[f](#t3-fn7){ref-type="fn"}                 SYN                              ADD                                                                    SYN                             SYN                                          
  **ZM447439+DX**                                            ADD                              Ant                                                                                                                             Ant               Ant
  **ZM447439+MTX**                                           Ant                              Ant                       SYN                 Ant                                                                                                   
  **ZM447439+CDDP**                                          Ant                              SYN                                                                    Ant                             Ant                                          

Drug associations were evaluated in the U-2OS and Saos-2 human osteosarcoma cell lines and their drug-resistant variants.

Doxorubicin.

Synergistic.

Antagonistic.

Methotrexate.

Additive.

Cisplatin.
